The diversity and dynamics of Lactobacillus populations in traditional raw milk Camembert cheese were monitored throughout the manufacturing process in 3 dairies. Culture-dependent analysis was carried out on isolates grown on acidified de Man -Rogosa -Sharpe agar and Lactobacillus anaerobic de Man Rogosa Sharpe agar supplemented with vancomycin and bromocresol green media. The isolates were identified by polymerase chain reaction -temperature gradient gel electrophoresis (PCR-TGGE) and (or) species-specific PCR and (or) sequencing, and Lactobacillus paracasei and Lactobacillus plantarum isolates were characterized by pulsed field gel electrophoresis (PFGE). Milk and cheese were subjected to culture-independent analysis by PCR-TGGE. Presumed lactobacilli were detected by plate counts throughout the ripening process. However, molecular analysis of total DNA and DNA of isolates failed to detect Lactobacillus spp. in certain cases. The dominant species in the 3 dairies was L. paracasei. PFGE analysis revealed 21 different profiles among 39 L. paracasei isolates. Lactobacillus plantarum was the second most isolated species, but it occurred nearly exclusively in one dairy. The other species isolated were Lactobacillus parabuchneri, Lactobacillus fermentum, Lactobacillus acidophilus, Lactobacillus helveticus, a Lactobacillus psittaci/delbrueckii subsp. bulgaricus/gallinarum/crispatus group, Lactobacillus rhamnosus, Lactobacillus delbrueckii subsp. bulgaricus, L. delbrueckii subsp. lactis, Lactobacillus brevis, Lactobacillus kefiri, and Lactobacillus perolens. Lactobacilli diversity at the strain level was high. Dynamics varied among dairies, and each cheese exhibited a specific picture of species and strains.
Introduction
Complex biochemical and microbiological processes occur during the production of Registered Designation of Origin (RDO) Camembert cheese, leading to the development of the typical flavour. These processes are mediated in part by the starter, which is mostly composed of lactococci and sometimes leuconostocs and (or) pediococci, and by adventitious nonstarter lactic acid bacteria (NSLAB), which are not always well identified. Nonstarter lactobacilli are often one of the dominant or subdominant microbial groups found during cheese ripening and may contribute to the cheesemaking process (Beresford et al. 2001) . They have been shown to be an important part of the NSLAB isolated from Camembert cheese (M. Guéguen, personal communication, 2004) , but their identification is based only on phenotypic data that was done about 15 years ago. The genus Lactobacillus, which currently contains 113 species and 18 subspecies (http://www.bacterio.cict.fr, accessed on 5 July 2007), is the largest genus within the lactic acid bacteria (LAB) group and is subject to continual taxonomic changes. Lactobacilli have been examined extensively in some hard cheeses, such as cheddar (Fitzsimons et al. 1999; Dasen et al. 2003) , emmental (Demarigny et al. 1996) , Comté (Depouilly et al. 2004) , and in Italian cheeses (Randazzo et al. 2002; Lazzi et al. 2004) . However except for a few studies (Ugarte et al. 2006) , little is known about lactobacilli in soft ripened cheeses, especially in RDO Camembert cheese.
Research on food microflora, which has relied mainly on cultivation until recently, may not always be representative of the complexity of a food ecosystem. Cultivation and phenotypic identification methods are not always able to distinguish among and to quantify lactobacilli species within a food-associated LAB community. Several techniques for the isolation, characterization, and identification of lactobacilli species have been reviewed (Coeuret et al. 2003) . Among them, PCR-based methods, such as single-strand conformation polymorphism and denaturing/temperature gradient gel electrophoresis (D/TGGE) have been developed to analyse the diversity of microorganism communities and to monitor their evolution within dairy-food ecosystems (Ercolini 2004) , including raw milk (Lafarge et al. 2004; Callon et al. 2007 ) and traditional cheeses (Randazzo et al. 2002; Ercolini et al. 2004; Duthoit et al. 2005; Dèlbes and Montel 2005) .
The aim of this study was to assess the diversity and dynamics of Lactobacillus populations during the production of traditional Camembert cheese (raw milk cheese). To reach this objective, we chose to use mainly TGGE. One of the innovative aspects of this work was to focus on one genus, whereas TGGE has been mainly applied to the study of global bacterial populations. Another innovative aspect was linked to the fact that this technique was applied both to the direct examination of total DNA isolated from cheese and to the analysis of DNA extracted from isolates.
Materials and methods

Milk and cheese samples
We monitored 3 batches of raw milk Camembert cheese manufactured in the spring in 3 dairies (A, B, and C) located in Normandy, France. Samples were taken from the raw ripened milk (day 0) and during the manufacturing process (2 cheeses per analysis) at 1, 14, 30, and 60 days. They were immediately subjected to analysis.
Analysis based on bacterial isolates
Presumed lactobacilli counts
Microorganisms were extracted from the food matrix as follows: 20 ± 0.1 g of cheese was transferred to a sterile blender and mixed with 180 mL of 2% tri-sodium acetate (Sigma Aldrich, St Quentin Fallavier, France), pH 7.0, at room temperature for 1 min at high speed. Ten-fold dilutions of the cheeses and the corresponding ripened milks were made in peptone-saline solution (1 gÁL -1 pancreatic casein peptone and 8.5 gÁL -1 sodium chloride in distilled water, pH 7.0) and were then plated on acidified de Man Rogosa Sharpe agar (AMRSA) and Lactobacillus anaerobic de Man Rogosa Sharpe agar supplemented with vancomycin and bromocresol green (LAMVAB) (Hartemink et al. 1997) , media on which starter and non-starter lactococci were not able to grow. Incubation was done at 37 8C under anaerobic conditions for 72 h.
Identification and characterization of isolates
For each batch at each sampling point, 5 isolates from AMRSA and 5 from LAMVAB media were randomly selected, giving rise to a total of 150 presumed lactobacilli. The isolates were stored at -80 8C until further analysis.
All isolates were Gram stained and subjected to the catalase test using standard procedures. Genomic DNA was extracted by the phenol-chloroform method (Sambrook et al. 1989 ) and subjected to Lactobacillus-specific PCR (Table 1) . Products amplified by Lactobacillus-specific PCR were subjected to TGGE for identification to the species level.
In addition, 150 isolates obtained in the same conditions during winter batches (Henri- Dubernet et al. 2004 ) and characterized using the same methodology were included in this study, leading to a collection of 300 isolates representing 6 batches.
Species-specific PCR (Table 1) was performed for confirmation purposes for lactobacilli belonging to closely related species. Sequencing was carried out to identify or to confirm the identity of representative isolates from winter and spring batches. All Lactobacillus paracasei isolates from dairy B and all Lactobacillus plantarum isolates from dairy C were subjected to pulsed-field gel electrophoresis (PFGE) analysis.
Analysis based on total DNA
DNA was extracted from ripened milk by using a protocol involving cell concentration with zirconium hydroxide (Lucore et al. 2000) and by using lytic enzymes (Henri- Dubernet et al. 2004) . Total DNA was extracted from 20 g of cheese, as described by Ogier et al. (2002) . Samples were subjected to Lactobacillus-specific PCR-TGGE.
DNA amplification
PCR was performed in a PTC 200 thermal cycler (MJC research, Waltham, Massachusetts, USA) using the Lactobacillus-specific primers R16.1-GC and LbLMA1-rev as described previously (Henri-Dubernet et al. 2004) (Table 1) .
TGGE analysis and PFGE analysis
TGGE was performed as previously described (Henri- Dubernet et al. 2004 ) by using the Dcode system (BioRad, Ivry sur Seine, France) and 16 cm Â 16 cm Â 1 mm gels. Lactobacillus-specific PCR products were subjected to electrophoresis for 12 h at 90 V with a temperature gradient of 56-62 8C (rate of 0.5 8CÁh -1 ) on gels containing 8% polyacrylamide, 7 molÁL -1 urea and 1Â TAE buffer. PFGE was performed as described by Coeuret et al. (2004) . Briefly, bacterial DNA was digested by incubating plugs for 4 h at 37 8C in 0.2 mL of 1Â buffer IV containing 20 U NotI (QBIOgene, Illkirch, France). DNA electrophoresis was performed on a 1% agarose gel in 1Â TBE buffer in a CHEF DR III apparatus (BioRad) with 0.5Â TBE buffer. The gel was run for 18 h at 14 8C using a linear ramp of 2-25 s for L. paracasei subsp. paracasei and a linear ramp of 5-10 s for L. plantarum at 6 VÁcm -1 .
Images of the gels were processed using Bionumerics software version 2.0 (Applied Maths, Kortrijk, Belgium).
Sequencing of the 16S rRNA gene
PCR products amplified with the primers V3r and V3f (Table 1 ) and corresponding to part of the V3 region of 16S rRNA (approximately 250 bp) were sequenced by Invitrogen (Cergy Pontoise, France). Each sequence was compared to sequences available in the GenBank and the GenEmbl databases by using the BLASTN program (Altschul et al. 1997) .
Results
Presumed lactobacilli counts in spring samples
The counts in raw ripened milk (day 0) were similar on LAMVAB for the 3 dairies (Table 2 ), reaching about 10 3 cfuÁmL -1 , while they were higher (up to 10 6 ) and showed important variations on AMRSA. From day 1 to day 60, counts were similar on LAMVAB and AMRSA for dairies B and C, reaching 10 8 and 10 9 cfuÁg -1 , respectively. Conversely, presumptive lactobacilli counts varied strongly between AMRSA and LAMVAB in dairy A during the ripening period and remained about 3 orders of magnitude lower on LAMVAB compared with the 2 other dairies.
Diversity and dynamics of lactobacilli during cheese processing
Confirmation of lactobacilli in spring samples
Amplification by Lactobacillus-specific primers of total DNA present in cheese from dairy A never succeeded at any stage (Table 3) , whereas PCR products were detected from the 14th or the 1st day of ripening for dairies B and C, respectively. With isolates (data not shown), lactobacilli were detected earlier than with total DNA. Among the isolates, the number of confirmed lactobacilli varied as a function of the dairy and the production stage. In dairy A, no lactobacilli were detected in raw ripened milk and few isolates were confirmed during cheese processing, but their numbers increased during ripening. No lactobacilli were detected on day 1 in dairy B, but they were detected in the raw ripened milk and from day 14 until the end of ripening. Most isolates originating from dairy C were lactobacilli, especially from the 14th day.
Diversity and dynamics of lactobacilli at the species level
PCR-TGGE analysis of total DNA from spring batches using Lactobacillus-specific primers (Fig. 1) revealed, in Camembert cheese from dairy B, one band appearing from the 14th day of ripening that co-migrated with L. paracasei CIP 102993 and CNRZ 763 and with Lactobacillus rhamnosus CIP A 157. From the 30th day of ripening, a second band was seen. None of the reference strains used in this study co-migrated with this band. Analysis of total DNA Fig. 1 . Temperature gradient gel electrophoresis profiles of 16S-23S spacer region rDNA fragments of reference strains and of cheese extracts from 2 dairies at various stages of ripening. No PCR products were obtained from dairy A, on day 0 in dairies B and C, and on day 1 in dairy B. BII, dairy B; CII, dairy C. from dairy C yielded 2 different pictures, depending on the stage of sampling. In the day 1 ripening sample, 2 major bands appeared. One co-migrated with the major band of Lactobacillus acidophilus CNRZ 204. The second one was seen at all further sampling stages but no corresponding band appeared with reference strains. A minor band was also observed and co-migrated with L. paracasei CIP 102993 and CNRZ 763 and with L. rhamnosus CIP A 157. From the 14th day of ripening, this band and 2 additional ones that co-migrated with L. plantarum CNRZ 211 were observed. No amplification products were obtained at any stage for dairy A.
The lactobacilli isolates obtained from the winter and spring batches were divided into 14 groups (Table 4) on the basis of their responses to TGGE analysis, species-specific PCR analysis, and (or) sequencing. Each group corresponded either to a Lactobacillus species or to a group of closely related species. Lactobacillus paracasei (112 isolates) and L. plantarum (46 isolates) were the most encountered species. These were followed by Lactobacillus parabuchneri (9 isolates), Lactobacillus fermentum (8 isolates), Lactobacillus psittaci/delbrueckii subsp. bulgaricus/ gallinarum/crispatus (4 isolates), Lactobacillus helveticus (3 isolates), L. acidophilus (3 isolates), L. rhamnosus (2 isolates), Lactobacillus delbrueckii subsp. lactis (2 isolates), Lactobacillus brevis (1 isolate), L. delbrueckii subsp. bulgaricus (1 isolate), Lactobacillus kefiri (1 isolate), Lactobacillus paraplantarum (1 isolate), and Lactobacillus perolens (1 isolate). Only 2 species were found in all the 3 dairies: L. paracasei (predominant species), and L. parabuchneri.
The repartition of the lactobacilli isolates identified during Camembert production in the 3 dairies in winter and spring batches is shown in Fig. 2 . Lactobacillus paracasei was globally the predominant species. Although it was not detected in all samples, it was always present at the end of ripening in the 6 batches. Except in winter in dairy C, L. parabuchneri was detected in all batches but at different stages, depending on the batch. Lactobacillus plantarum was isolated nearly exclusively from dairy C where it was detected in all stages in winter as the dominant or one of the co-dominant species. In spring, it was supplanted by L. paracasei, but it was isolated from the 14th day and it co-dominated at day 30. It appeared sporadically in winter in dairy A (in curd and at day 30). Isolates belonging to the L. fermentum species were encountered in winter and spring in dairy C and during the winter batch in A but only in curd. Lactobacillus helveticus, the L. psittaci/delbrueckii subsp. bulgaricus/gallinarum/crispatus group, L. delbrueckii subsp. lactis, L. rhamnosus, and L. brevis seemed to be isolated randomly from samples.
The number of species identified was greater in the winter batch than in the spring batch for dairy A and, to a smaller extent, for dairy B, while it was almost the same in the 2 batches for dairy C. Species dynamics were very different between the 2 batches in dairies A and C. Conversely, dairy B exhibited a relative stability in terms of repartition of species at a given stage of sampling.
Diversity and dynamics of lactobacilli at the intraspecies level
PFGE analysis showed high intra-species diversity within L. paracasei isolates and much lower intra-species diversity within L. plantarum (Figs. 3A and 3B ). PFGE analysis of L. paracasei isolates from dairy B showed a wide range of PFGE profiles, as 21 different profiles were obtained from the 39 isolates identified to this species. Among them, 12 were strain specific and 9 were shared by different isolates. For example, profile 5 was displayed by 6 isolates found at different stages of ripening in B in winter and spring (see also profiles 13 and 14, Fig. 3A ). Other profiles were detected only at some stages. For example, profile 3 was only associated with raw ripened milk isolates. Similarly, 2 strains seemed to be specific to the end of ripening (Fig. 3A, lines 15 and 19 ). PFGE analysis of L. plantarum isolates (15 from the winter batch and 9 from the spring batch in dairy C) revealed 4 different profiles. One strain of L. plantarum dominated at all stages in the winter batch in dairy C but was not recovered from the spring batch. Two of the 3 profiles found in spring were associated with different stages of ripening (profiles 2 and 3, Fig. 3B ).
Other microorganisms
Among presumed lactobacilli, isolates that were not confirmed as lactobacilli belonged to 2 main groups. Sequencing of several isolates from these led to the identification of Pediococcus acidilactici for one group and Leuconostoc lactis and Leuconostoc pseudomesenteroides for the second group. Pediococcus acidilactici was found in dairy B where it was the only microorganism isolated from the curd. The genus Leuconostoc was mainly encountered in dairy A and was either subdominant or undetected in the other dairies. In dairy C, virtually no microorganisms other than lactobacilli were present from day 1 onwards.
Discussion
Microbiological counts and molecular confirmation showed that except at day 1 in dairy B, lactobacilli were present throughout the ripening period in the 3 dairies. However, the molecular methods failed to detect Lactobacillus spp. in several cases. Culture-independent methods may lead to false-negative results owing to low levels of cells and low relative concentration of target DNA, or the presence of competing DNA and PCR reactions can also introduce bias owing to selective amplification (Muyzer 1999; Ercolini et al. 2001; Henri-Dubernet et al. 2004 ). This was confirmed here.
Data from this study reveal that the Camembert cheese microbiology can show strong variability. Both the detection of Lactobacillus DNA and the microbial counts on AMRSA and LAMVAB differed among the dairies, and variations appeared regarding the diversity and dynamics of lactobacilli populations at the species and strains levels. There were also important differences between the 2 batches from dairy A, whereas, in dairy C and especially in dairy B, the results were similar in the winter and spring batches. This suggests, as already shown for artisanal raw milk cheeses (Poznanski et al. 2004) , not only a strong influence of the composition of the raw milk but also of the cheesemaking practices that appeared to be highly controlled in dairy B.
In 1989, the diversity of LAB in RDO Camembert from 
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Note: NR, no response; ND, not determined. *Fermentation of trehalose (+), salicin (+), amygdalin (+), hydrolysis of esculin (+).
Fig. 2.
Distribution of lactobacilli species or groups among isolates obtained during Camembert cheese production in winter and spring in 3 dairies (A, B, and C).
dairy A (10 isolates per stage of ripening) was studied by phenotypic methods (API 50 strips) (M. Guéguen, personal communication, 2004) . The most frequently isolated species were L. casei, L. plantarum, and L. brevis. However, the API 50 system could not differentiate between L. paracasei and the closely related L. casei. It is probable that isolates identified as L. casei in the previous study would have been considered as L. paracasei today. Lactobacillus buchneri, L. fermentum, L. acidophilus, L. helveticus, and L. delbrueckii were less abundant. Most species were identified in both studies, suggesting that this panel of lactobacilli is well established in RDO Camembert. However, in the previous study, L. brevis dominated the microflora of raw ripened milk and curd and then decreased during ripening. The fact that L. brevis was subdominant in the present study could be due to (i) its failure to grow on the media used, notably on LAMVAB, (ii) a decrease in the diversity of the raw milk produced nowadays, or (iii) inaccurate identification by API 50 strips. Some general tendencies, observed in cheeses issued from various technologies, were confirmed in Camembert cheese regarding L. paracasei and L. plantarum and their evolution during ripening. Among the different lactobacilli isolated during ripening of raw milk Camembert cheese, L. paracasei was the most common. It seems to find favourable conditions during the cheese-making process (Wouters et al. 2002) , whatever the type of cheese. Its presence has already been reported in soft, and in many semi-hard and hard cheeses made from cow, ewe, and goat's milk, such as Caciocavallo (Coppola et al. 2003) , Ibores (Mas et al. 2002) , Cheddar (Fitzsimons et al. 1999) , and Salers (Duthoit et al. 2003) . The fact that L. paracasei is widespread in Fig. 3 . Diversity in pulsed-field gel electrophoresis patterns after digestion with NotI of (A) Lactobacillus paracasei from dairy B and (B) Lactobacillus plantarum from dairy C in winter (I) and spring (II).
cheese is probably linked to its mesophilic properties and its origin from raw milk (Depouilly et al. 2004) . It is generally believed that when this adventitious bacterium is present in cheese, it overcomes all the other lactobacilli to become predominant by the end of ripening (Ostlie et al. 2004; Poznanski et al. 2004) . Although L. paracasei is often isolated from other fermented foods including traditional fermented milk (Mathara et al. 2004) , its dominance seems to be restricted to cheese, since other species dominate in such cases (Lee et al. 2005) . The fact that L. paracasei is widespread in cheese, whatever the technology, is not well documented. Antimicrobial properties have been demonstrated in this species (Schwenninger et al. 2005) and, compared with L. plantarum, it is able to metabolize citrate (Weinrichter et al. 2001) ; this could favour its development.
Lactobacillus plantarum was the second most-isolated species, but it occurred nearly exclusively in dairy C. Lactobacillus plantarum has also been recovered from different cheeses made from cow's milk (Ercolini et al. 2003; Duthoit et al. 2005 ), ewe's milk (Mannu et al. 2000) , and goat's milk (Oneca et al. 2003) . It is also used as an adjunct culture (Dasen et al. 2003; Coeuret et al. 2004) . This is the first time that L. perolens and L. kefiri have been detected in Camembert cheese. Lactobacillus perolens, which was recently identified, has only been reported in an artisanal semi-hard cheese made with raw milk (Ugarte et al. 2006) . Lactobacillus kefiri has also been described in Ricotta forte cheese (Baruzzi et al. 2000) .
PFGE analysis of L. paracasei isolates from dairy B revealed numerous different profiles. We also analysed some isolates of L. paracasei from dairies A and C; their patterns were all different from each other and from those of isolates from dairy B (data not shown). Thus, diversity at the intraspecies level was large and varied between batches and especially among dairies. A great diversity of strains has been reported in Comté cheese, and their growth kinetics are cheese specific (Depouilly et al. 2004 ). Here, we used PFGE to investigate strain dynamics throughout ripening. Although most strains of L. paracasei were recovered only at one clearly defined stage, some strains seemed to be specific to a given stage and others seemed to be specific to a given dairy. For example in dairy B, one strain was encountered only in raw ripened milk, whatever the batch, and another was very stable during the cheese-making process (recovered in raw ripened milk, and at days 14 and 60) and during the 2 seasons. This latter wild strain seemed to be well established in the dairy. Furthermore, the different isolates from dairies A and C showed patterns different from each other, suggesting that the intraspecies diversity and dynamics are dependent on the dairy. In addition, all wild strains belonged to taxa other than the taxon including collection strains. This has already been reported for Staphylococcus strains (Irlinger et al. 1997) . The dynamics of L. plantarum strains were studied in dairy C. The fact that only one PFGE profile was found in CI suggests that this strain could intentionally be added during the cheese manufacturing process. Although only one profile was obtained in CI, 3 different strains were isolated in CII. This suggests that the former strain was not established in dairy C and has probably, in winter batches, hidden intraspecies diversity and dynamics that were seen in spring batches (2 strains persistent during ripening). Based on the dynamics of L. paracasei, it appears that a wild strain can become established durably in a dairy and that each cheese exhibits its own diversity and its own specificity regarding population dynamics.
Usually, metagenomic approaches are used to describe complex microbial populations involving many known and unknown microbial genera. In food microbial ecology, the study published by Le Bourhis et al. (2005) and the present study are the only two, to our knowledge, to focus on TTGE/TGGE analysis of only one genus. Both studies have shown that TGGE/TTGE can be used as an identification tool at the species level. Indeed, Le Bourhis et al. (2005) were able to detect and distinguish the majority of species belonging to the phylogenetic cluster I of the genus Clostridium. In this study, we were able to generate specific profiles for most of 21 lactobacilli species. It was also possible to distinguish the subspecies bulgaricus from the 2 other subspecies of L. delbrueckii. However, limitations appeared in this approach because the complexity of some profiles (several bands for a given species) led to difficulties in interpreting data from mixed lactobacilli populations, as encountered in cheese.
The polyphasic approach that we used here allowed us to examine lactobacilli populations using TGGE with both total DNA and DNA from isolates. If the combination of culturedependent and culture-independent methods is now being widely used to overcome the limitations inherent to each approach (Duthoit et al. 2003; Ercolini et al. 2003) , few studies compare the 2 approaches using the same identification tool. Le Bourhis et al. (2005) , studying Clostridium species in cheese, showed that culture and direct molecular detection are consistent, but they observed a higher diversity by the direct approach, since spores of some species were not able to grow in the conditions used for the culture approach. Here, we also obtained consistent data using the direct and culture-dependent TGGE, but conversely, we highlighted a higher diversity with the culture method. This is probably due to the fact that DNA from subdominant species was not amplified. Furthermore, it seems that few noncultivable lactobacilli were present, thus limiting the interest of using a culture-independent approach in this field.
Microorganisms other than lactobacilli were also recovered from AMRSA and LAMVAB. Members of the leuconostocs and pediococci groups were sometimes abundant. The fact that Leuconostoc lactis was mainly encountered in AII and dominated in raw ripened milk and curd suggests that it was used as a starter. In this batch, diversity was very low and few lactobacilli were isolated. This may be due to leuconostocs, which appear to affect the development of adventitious NSLAB when they are used as a starter (Wouters et al. 2002) . In BI and BII, Pediococcus acidilactici dominated the curd microflora. Its presence has already been reported in several different cheeses (Coppola et al. 1997; Depouilly et al. 2004) , and furthermore pediococci can be used as a starter (Bhowmik and Marth 1990) .
The use of molecular methods to monitor lactobacilli throughout Camembert production allowed us to draw a novel and more accurate picture of the diversity and dynamics of lactobacilli populations in Camembert cheese at both the species and strain levels. The polyphasic approach that we used here allowed us to examine the temporal distribution of species found in different dairies. It underlines the fact that the cultivation method remains necessary and should be maintained together with new approaches.
